Preliminary experiments with glass model bifurcation aneurysms demonstrated that turbulent flow pattern occurs in the sac of an aneurysm at a low flow rate (critical Reynolds number, 400 --+ 10 S.E.M.). A prediction that flow is turbulent in the sac of human intracranial saccular aneurysms was confirmed in a clinical study. Bruits, indicative of turbulence, were recorded with a phonocatheter from the sacs of 10 out of 17 intracranial aneurysms exposed at surgery where the mean arterial pressures were above 50 mm Hg. The amplitude of the bruits varied with the pressure. All of the patients in whom no bruit was found had profound Arfonad hypotension at the time of recording.
T
HERE has been considerable speculation in the literature regarding the likelihood and possible significance of turbulence in human intracranial saccular aneurysms. Cranial bruits are occasionally associated with these lesions. 19'2s Studies in animals ~~ have provided unequivocal evidence for turbulent blood flow within experimental simulations of saccular aneurysms. There has been uncertainty, however, if the models have accurately reflected the hemodynamic situation as it exists clinically. The question of turbulence is pertinent, for it has been convincingly demonstrated that it is capable of producing 8,-"~ and accelerating 25 degenerative changes in vascular tissue.
In preliminary experiments using glass model bifurcation aneurysms, turbulence was demonstrated at low rates of flow. These results led to a clinical investigation which has confirmed that blood flow is turbulent in human intracranial saccular aneurysms. It is believed that this turbulence plays an important role in the pathogenesis of these lesions.
Physics of Turbulent Blood Flow
Below a critical velocity, fluid flow in a pipe, or blood flow in a vessel, is streamlined and silent. Such flow is characterized by an orderly progression of the fluid particles along straight, well-defined trajectories (laminar flow). Blood flow in the cardiovascular system is normally streamlined and silent. Above a critical velocity, however, flow be-comes turbulent. Turbulence produces chaotic, random, and violent fluctuations in the pressure and velocity of the fluid particles, which will make blood vessels vibrate. This vibration may be detected as an audible bruit or a palpable thrill, as is commonly found, for example, distal to a vascular stenosis.
The factors that determine whether flow is streamlined or turbulent are related by an experimentally determined, dimensionless mathematical expression, known in honor of Reynolds is who first discovered this relation, as the Reynolds number (Re), Re = ~~ .]7.D where p is the fluid density (gm/cm3), n the fluid viscosity (poise), V the mean flow velocity (cm/sec), and D the tube diameter (cm). For the case of a long straight tube, using a Newtonian fluid, Reynolds found that the critical Re number, corresponding to the critical flow velocity at which turbulence occurs, was 2000. A similar value has been experimentally determined for blood. 1 The Reynolds number is a useful relation, for it allows one to model hydrodynamically equivalent situations, using different sized but geometrically similar tubes, and dissimilar fluids. If the viscosity and density of the fluid and the diameter of the model used are known, the critical Re at which turbulence arises in the model can be calculated by measuring the average flow rate, Q (cm3/sec), at which turbulent flow first appears in the model. The mean flow velocity, V equals Q/Trr 2, where r is the tube radius (cm).
For human blood flow at 37~ the Reynolds formula, based on an estimate for blood density and viscosity, becomes 22
where V is the mean flow velocity in the vessel under consideration, and D is the diameter of the vessel. With this formula, values for the critical Re number, experimentally determined in models of the circulation, can be compared to Re values calculated from known flow rates within the circulation. If the calculated Re values are greater than the critical Re number obtained with the corresponding models, then turbulence is likely in the in vivo situation.
Model Experiments

Method
Preliminary experiments were carried out using glass model bifurcation aneurysms, both to observe by dye injection the patterns of flow within the aneurysms and to determine the critical Re number for turbulence in each. Three models made from Pyrex glass tubing by an expert glassblower were used. Each model consisted of a stem 20 cm in length with an internal diameter (i.d.) of 7 mm, branches 15 cm in length with a 5 mm i.d., and an angle of bifurcation between the branches of 90 ~ . The models differed only in the type of "aneurysm" blown at the apex of the bifurcation. They were: 1) a small spherical aneurysm (neck diameter 7 mm, sac diameter 5 mm); 2) a large spherical aneurysm (neck diameter 10 ram, sac diameter 20 ram); and 3) a large bilocular aneurysm (neck diameter 10 mm, sac diameter 23 ram). The details of the apparatus used to study the pattern of flow in the models, and the method of calculating the critical Re number for each, will be reported elsewhere2
Results
In each model, the flow pattern in the "aneurysm sac" is turbulent at remarkably low flow rates. This is clearly demonstrated in Fig. 1 . At these rates, flow remains streamlined in the stem and branches, although there is instability of flow in the region of the neck. Characteristically, the dye stream enters the sac on one side of the neck and exits from the opposite. The turbulence is superimposed upon a circular, whirlpoollike, flow pattern, which results in a rapid circulation within the sac and rapid dilution of the dye. With pulsatile flow, produced by a sigmamotor pump, the average critical Re number for all the aneurysm models was 400 • 10 S.E.M. (standard error of the mean). The corresponding value for a 90 ~ glass model bifurcation without an aneurysm was 920 ___ 20 S.E.M. Thus, one would expect turbulence within the sac of an aneurysm at a flow rate less than one-half that at which turbulence would arise at a normal bifurcation. with a tip diameter of only 2 mm was used (Fig. 2) . The phonocatheter was held either in a specially designed catheter-holding forceps or by hand and applied directly to the external surface of the vessels and aneuFro. 2. Intracardiac phonocatheter used for recording bruits from intracranial saccular aneurysms exposed at surgery.
Recording Mode
Fro. 3. Block diagram of instrumentation used for the recording and analysis of bruits.
rysms under investigation. In effect, it was used as a highly sensitive stethoscope. The instrumentation used with the phonocatheter to record and play back any detected signal is shown in Fig. 3 . The signal was amplified by and visually displayed on an oscilloscope (Tektronix Type 561). It was then recorded as a permanent record on one channel of a two-channel tape recorder (Roberts 400X). The second channel was used for a voice monitor. The pulsatile systemic arterial pressure was measured with an electronic pressure transducer connected to the radial artery and recorded on a paper chart-recorder (Beckman Type R Dynograph). The reference level for pressure was adjusted to correspond to the level of the circle of Willis. Mean arterial pressure was either read directly from a highly-damped anaeroid manometer connected to the cannulated artery, or calculated from the pulsatile pressure.* For analysis, the tape record was played back through a band-pass filter (Krohn-Hite Model 310-AB) between 200 to 5000 Hz. The low-pass filtering was necessary to remove the fundamental and harmonic frequencies of 60 Hz interference. The bruits were monitored both audibly and oscillographically while a permanent paper record of them was made with a light-beam oscillograph (Honeywell 2106 Visicorder). The electronic components used in this study have a flat frequency response in the frequency range of interest (200 to 800 H z ) .
The bruits were analyzed for their predominant frequency components and their relative amplitudes. The predominant frequencies were determined by counting the number of cycles or spikes in a given unit * Mean arterial blood pressure = diastolic pressure -I--~ of the pulse pressure.
of time on a high-speed oscillograph record ( 4 0 -1 0 0 cm/sec) of a bruit and expressing this in cycles per sec (Hz). This was repeated for consecutive bruits in the same record, and the results were then averaged. The relative amplitude of a bruit was estimated by measuring its maximum peak-topeak amplitude on the oscillograph record. Again, the values were averaged by measuring the amplitude of a consecutive series of bruits. The results were expressed in microvolts (~V) relative to a standard calibrating signal of 500 ,~V (peak-to-peak amplitude) recorded on the magnetic tape at the beginning of each clinical study.
Results
A series of control recordings were made from major intracranial vessels and bifurcations, at normal systemic arterial pressure, in four cases undergoing craniotomy for reasons other than an intracranial aneurysm: two cases for the extirpation of tumor, one case for frontal lobectomy for post-traumatic epilepsy, and one case for the repair of posttraumatic CSF rhinorrhea. In no instance was a bruit recorded.
A summary of the results from 17 unselected, representative cases of intracranial saccular aneurysm is given in Table 1 . It should be noted that it is the practice of the Neurosurgical Unit at the University of Western Ontario 4 to operate on all aneurysms using deep hypotension produced by the intravenous administration of Arfonad.t In spite of this disadvantage from the point of view of this investigation, a bruit was recorded from the aneurysm in 10 of the 17 cases ( 6 0 % ) . There was considerable variation in the mean systemic arterial blood pressure at which the bruits became audible. With the exceptions of Case 8 and Case 12, in which the bruits were of low intensity, no sound was recorded unless the mean pressure was 50 mm Hg or above. In each case the amplitude of the bruit would vary with the mean pressure; being least at low pressures and greatest at high pressures. Often bruits could be recorded from the vessels either immediately proximal or distal to the aneurysm but they were always of less inten- sity than the bruit from the sac of the aneurysm. All of the aneurysmal bruits had similar features. They were musical in quality and quite high-pitched in tone; the average predominant frequency being 460 Hz -+-130 S.D. (one standard deviation). They had a diamond-shaped oscillographic profile similar to that found with cardiac systolic ejection murmurs. At higher pressures, the bruits were often continuous in both systole and diastole, with marked accentuation in systole. The following are representative case reports.
Case Reporls
Case 2
This 58-year-old man had a large spherical aneurysm at the middle cerebral bifurcation (Fig. 4) . He was normotensive and had no clinically evident cardiac murmurs, or l. Neurosurg. / Volume 33 / November, 1970neck or cranial bruits. At surgery, the aneurysm was exposed at a mean pressure of 60 mm Hg. At this pressure no sound was recorded either from the sac or the bifurcation. The pressure was then slowly raised. A faint bruit became audible at 80 mm Hg. Recordings (Fig. 5 ) from the sac of the aneurysm, a small bifurcation lying on the sac, and a branch vessel 3 mm distal to the bifurcation were made at a mean systemic pressure of 90 mm Hg. The amplitude of the bruit was maximal from the sac, being 380 _• 110 ~V. In contrast, at the same pressure the amplitude of the bruit recorded at the bifurcation was 80 • 25 ~V, and from the branch, 100 _• 10 ~V. No sound was recorded from cortical vessels in the area. The frequency of the bruit recorded from the aneurysm was 290 • 10 Hz at a mean pressure of both 90 mm Hg and 110 mm Hg. The frequency of the bruit from the branch was 320 • 10 Hz, and at the bifurcation, 260 ~ 10 Hz, both of which are significantly different from the aneurysm (p < 0.001).
Case 4
This 38-year-old woman bled from a large bilocular aneurysm at the middle cerebral bifurcation (Fig. 6 ). She had a 5-year history of mild hypertension (150/100). There were no clinically evident murmurs or bruits. At operation, initial recordings were made at a mean pressure of 80 mm Hg. A loud bruit was recorded from the sac (Fig. 7) . This bruit was continuous in both systole and diastole, with sudden accentuation in systole. 
Case I O
This 45-year-old woman bled from a small aneurysm of the anterior communicating artery while straining to remove a stuck oilfilter cap from her car (Fig. 8) . There was a history of mild hypertension but she was normotensive on admission. She had a grade 1/6 cardiac systolic ejection murmur along the left sternal border, but no bruit could be heard in her neck. There was no cranial bruit. At the time the aneurysm was exposed the mean arterial pressure was 50 mm Hg. Even at this low pressure, a remarkably loud and almost continuous bruit was recorded from the aneurysm (Fig. 9) . The amplitude was 660 -+-90 p,V; the frequency 470 • 10 Hz. Less intense bruits were recorded from the right anterior cerebral artery 5 mm proximal to the neck of the aneurysm (400 • 110 ,,~V) and the ipsilateral pericallosal artery, 2 mm distal (140 • 35 ~V). A very faint bruit could be heard over the internal carotid artery approximately 2 cm proximal to the aneurysm.
Discussion
Historical Review
Prior to this investigation there was no direct evidence for turbulent blood flow in human intracranial saccular aneurysms. However, it has been widely assumed that turbulence is likely. Sir Geoffrey Jefferson is reported 1~ to have exclaimed on first being shown the whirlpool rapids at Niagara Falls,
"I say . . . what a magnificent example o[ the circulation in an aneurysm."
Clin;.cal Evidence. In the clinical literature there have been only a few reports describing cranial bruit in association with saccular aneurysms. Walton '-'s found references to 13 cases. Eight of these were in a series reported by Richardson and Kofman, ~9 who considered the bruits to have been produced by the aneurysms. Cranial bruits were not heard in any of our cases. Presumably they are not a more common finding because of their low intensity and the attenuation that occurs during the transmission from their site of origin deep in the head to the surface.
Experimental
Evidence.
Experimental simulations of saccular aneurysms in animals have suggested that blood flow is likely to be turbulent in the human case. German and Black 1~ used dogs in which they sutured a vein-pouch graft to the wall of the common carotid artery. Turbulence in these side an- arise almost invariably at the apex of a bifurcation 1~ rather than from the side wall of a vessel.
The Present Study
Site of Origin of the Turbulence. There seems little doubt that the bruits recorded in this study were the result of turbulent blood flow within the aneurysms. In every case the amplitude of the bruit was maximal on recording from the sac or neck. Bruits recorded from nearby vessels were invariably of lower amplitude, the result of attenuation of the sound as it was transmitted from its site of origin in the aneurysm, along the vessel, to the recording site. With an increase in arterial pressure the bruits became audible first from the aneurysm, and with a decrease disappeared last from the aneurysm, again indicating that the aneurysm was the site of origin. With sufficient decrease in systemic pressure, a previously recorded bruit would disappear entirely. For example, in Case 6, a continuous bruit had been recorded from the aneurysm at 70 mm Hg whereas at 45 mm Hg the bruit had disappeared completely.
Effects of Hypotension. There was considerable variation, from one aneurysm to another, in the mean pressure at which the bruits became audible. This no doubt reflects the variation in the precise hemodynamics within each sac, because of differences in aneurysm size and geometrical configuration. As well, it reflects the variation in flow at any given pressure, from patient to patient. This variation in flow explains in part why a bruit was not recorded in every case.
In normotensive individuals, total cerebral blood flow is maintained near normal levels in the face of a failing blood pressure, until a mean pressure of approximately 50 mm Hg is reached2 a This is the result of autoregulation of the cerebral circulation. Below this pressure, autoregulation fails, and there is a precipitous decline in flow. In the presence of hypertension, however, this abrupt decrease in flow may occur at a much higher mean pressure. Finnerty, et al., 6 found that signs and symptoms of cerebral ischemia appeared with an average fall in cerebral blood flow to 60% of normal values. In normotensive individuals this occurred at a mean arterial pressure of 30 mm Hg, in those with essential hypertension at 50 mm Hg, and in those with malignant hypertension at 90 mm Hg.
In each of our cases where no bruit was recorded there was a history of hypertension, with the exception of Case 16. Although we had no means of measuring flow, it is likely that in these hypertensive cases the hypotension was sufficient to have produced a decrease in flow to the point where the critical Reynolds number for turbulence in the sac of the aneurysm was not reached. In the cases with bruits, the average decrease in mean systemic blood pressure at the time of recording was 41 ~ 17% ; in those with no bruit, 53 -+-6%. The difference is statistically significant but not to a high degree (p < 0.10). Perhaps other factors, like the geometry and size of the aneurysm, contribute to the absence of a bruit. At the time of recording, if the mean pressure in those patients with hypertension had been closer to their normal preoperative pressures, no doubt a bruit would have been recorded in every case.
It is obvious that the relation between pressure and flow is not simple. For, in Cases 8 and 12, both of which were hypertensive, faint bruits were recorded at very low pressures.
Case 17 was the only one in which a bruit was not recorded when the mean pressure was above 70 mm Hg. In this case a recording was attempted at a mean pressure of 90 mm Hg, which was 40% below the normal mean systemic pressure of 150 mm Hg. In view of the findings of Finnerty, et al., ~ one would expect that in such a hypertensive patient there had been a considerable reduction in flow at this pressure. Also, this aneurysm had a very broad neck, such that the largest Mayfield clip backed off the neck repeatedly and eventually had to be ligated in place. Where there is a broad neck in relation to sac diameter, higher than normal flows may be necessary to reach the critical Reynolds number.
Presence of Cardiac Murmurs. In Cases 3, 10, and 12, a grade 1/6 cardiac systolic ejection-type murmur was heard along the left sternal border. It is unlikely that these faint murmurs were transmitted to the intracranial vessels and confused with the bruits from the aneurysms. In each case, no bruit was heard on auscultation in the neck. As well, in Case 3, no bruit was recorded intracranially. In Case 10, the amplitude of the intracranial bruits was maximal from the sac of the aneurysm. In Case 12, at 45 mm Hg pressure, a distinct bruit was recorded from the neck of the aneurysm but no sound was heard on the internal carotid artery 1 cm proximal to the neck.
The distinctive high-pitched nature of the bruits recorded from the aneurysms is in contrast to cardiac murmurs, 27 where the predominant frequencies are less than 200 Hz. This may reflect differences in the total mass of the tissue being vibrated by the turbulence in each case.
Findings after Occlusion of the Neck. Although it was not possible to re-record from the aneurysm in every case following ligature or clip application, in those cases where it was possible, the bruits were no longer present. However, when the pressure had risen to normal or near normal levels, low intensity bruits were frequently heard in the region of the clip or ligature. There are a number of explanations for this finding. For example, in Case 12, a moderately loud bruit was recorded at 80 mm Hg from the internal carotid artery, 1 mm distal to the clip. On the postoperative angiogram, a small portion of the neck was still filling. No doubt this was producing the turbulence. It is also possible that in some cases the clip slightly stenosed or kinked the parent vessel. This was true in Case 13. A faint bruit was recorded at 95 mm Hg from the proximal anterior cerebral artery 1 mm from the neck after the application of the clip. Kinking of the vessel by the clip could be seen and it had to be re-applied.
Pathogenesis of Intracranial A neurysms
The demonstration of turbulence within human intracranial saccular aneurysms raises the important consideration of whether or not it plays any role in the formation, subsequent enlargement, or subsequent rupture of these aneurysms. On the basis of the values for critical Reynolds numbers found in the model experiments, it was predicted that turbulence would not normally occur at intracranial bifurcations. This was confirmed in the control cases, from which no bruits were recorded. It seems unlikely, then, that turbulence plays any role in initiating the outpouching destined to become a saccular aneurysm. But once a small outpouching has occurred, it seems reasonable to postulate that the violently fluctuating pressures of turbulence within the sac contribute to its enlargement and eventual rupture. Just as the turbulent flow conditions of Niagara Falls erode rGck with the passage of time, so the turbulence within an aneurysm may contribute to the degenerative changes seen on microscopic examination of their walls.
Microscopic Appearance of Aneurysms.
With light microscopym~,-~ the wall of an intracranial aneurysm appears to consist almost exclusively of collagen. There is no tunica media, and the normally stout internal elastic membrane is either not seen or extremely fragmented in appearance. There may be other degenerative changes in the wall, such as intimal hyperplasia, 7,23,26 cellular infiltration, 3 deposition of lipid-laden macrophages, 16,22 and fibrinoid degeneration and hyalinization2 ,13 Some writers -~176 believe all the changes result from degeneration of the wall in a primary atherosclerotic process. Others 3,7,~3,~2 consider the findings to be an atheroma-like degeneration secondary to injury of the wall. Forbus, 7 for example, speculated that the proliferative reaction seen in the intima might bear a relation to "irregular currents within the dilatation." Crompton ' has stated that the changes might be mechanical in origin "due to pulsatile pressure-changes in a relatively inelastic sac or turbulent flow in an aneurysm."
With electron microscopy, NystrSm 1~,~7 has demonstrated in the walls of aneurysms, remnants of the elastica that are granular and electron-dense in appearance. This contrasts with the normal fibrillary nature of the elastica. Disordered muscle cells, remnants of the tunica media, are also seen.
Effect. of Turbulence on Vascular Tissue.
There is now considerable evidence that turbulence is capable of producing degenerative changes in vascular tissue. Roach -~176 has shown that the vibration of a vessel wall by turbulence distal to a stenosis in extracranial arteries produces structural fatigue that weakens the elastin fibers in the vessel wall and alters their distensibility. This results in poststenotic dilatation. Fry s has demonstrated that turbulence beyond a stenosis in the aorta of dogs will destroy the endothelial cells and wash the cellular debris from the basement membrane. Fibrin, platelets, and blood cells are then deposited as a thrombus on the eroded surface. More recently 9 he has shown that serum albumin, tagged with Evans blue dye, and emulsions of fat will cross the damaged interface to become deposited in the vessel layers immediately beneath the basement membrane. Aneurysms on the common carotid artery of dogs were produced by Tominaga '-'5 by injecting the adventitia with nitrogen mustard and scratching the intima at the same site with a fine bore needle. Outpouching and rupture inevitably resulted from this procedure. Proximally placed stenoses, which produced turbulence in the area of vessel damage, accelerated the time to rupture, suggesting that the turbulence contributed to the degenerative process in the vessel wall.
Effect of Turbulence in Human Aneurysms
In view of this evidence for the damaging effects of turbulence on vascular tissue, it seems reasonable to conclude that the turbulence in human intracranial saccular aneurysms is an important factor contributing to their enlargement and rupture. Once there is a small aneurysmal outpouching at the apex of an intracranial bifurcation, turbulence occurs within it. The resulting incessant vibration of the wall of the aneurysm probably produces the advanced state of degeneration seen on microscopy, by a process similar to the structural fatigue of metals by vibration. The elastic tissue of the internal elastic membrane is particularly vulnerable to this process. 2~ The secondary atheroma-like changes are likely a consequence of the same process. ~,9 The end result is a loss of strength in the wall of the aneurysm and an alteration in its elastic properties, such that it is less able to withstand the pulsatile stress to which it is subjected in the circulation. Thus an aneurysm, once begun, continues to enlarge and may eventually rupture as a consequence in part, at least, of the continuing process of degeneration in its wall produced by the turbulence within its sac. SummaFy 1. Turbulent flow was shown to occur in a variety of glass model bifurcation aneurysms at a critical Reynolds number less than 500. 2. Since the Reynolds number corresponding to known values for flow in major cerebral arteries is above the value of 500, it was predicted that turbulence should occur in human intracranial saccular aneurysms. This was confirmed in a clinical study. Bruits, indicative of turbulent blood flow, were recorded with an intracardiac phonocatheter from 10 out of 17 cases of intracranial aneurysm stud~ed at the time of craniotomy. 3. The bruits were characterized by a diamond-shaped profile, systolic accentuation, a relatively high-pitched tone (460 Hz), and a musical quality. 4. In those cases where no bruit was recorded, flow in the aneurysm was less than the critical value for turbulence. All but one of these patients had systemic hypertension. The Arfonad-induced hypotension at the time of recording was significantly greater in the group without bruits than in the group with bruits. A bruit would quite likely have been recorded in every case if the systemic pressure at the time of recording had been closer to the normal preoperative pressure. 5. There is no doubt that turbulence produces and accelerates degenerative changes in vascular tissue. It seems likely that the turbulence within aneurysms plays an important role in the degeneration of the internal elastic membrane and in the production of the secondary atheroma-like changes seen in their wails. The weakened wall renders the aneurysm less able to withstand the pulsatile stress to which it is subjected, resulting in enlargement of the sac, and in some cases, rupture of the aneurysm. 6. It is unlikely that turbulence occurs at intracranial bifurcations normally. Thus it is unlikely that turbulence plays any role in initiating the aneurysreal process.
